







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 14 September 2022



                    Extended Bose–Hubbard model with dipolar excitons

                    	C. Lagoin1, 
	U. Bhattacharya 
            ORCID: orcid.org/0000-0002-1447-443X2, 
	T. Grass2, 
	R. W. Chhajlany 
            ORCID: orcid.org/0000-0003-1069-79243, 
	T. Salamon2, 
	K. Baldwin4, 
	L. Pfeiffer4, 
	M. Lewenstein 
            ORCID: orcid.org/0000-0002-0210-78002,5, 
	M. Holzmann6 & 
	…
	F. Dubin 
            ORCID: orcid.org/0000-0001-6536-839X1 nAff7 

Show authors

                    

                    
                        
    Nature

                        volume 609, pages 485–489 (2022)Cite this article
                    

                    
        
            	
                        6598 Accesses

                    
	
                        21 Citations

                    
	
                            4 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Phase transitions and critical phenomena
	Quantum fluids and solids


    


                
    
    

    
    

                
            


        
            Abstract
The Hubbard model constitutes one of the most celebrated theoretical frameworks of condensed-matter physics. It describes strongly correlated phases of interacting quantum particles confined in lattice potentials1,2. For bosons, the Hubbard Hamiltonian has been deeply scrutinized for short-range on-site interactions3,4,5,6. However, accessing longer-range couplings has remained elusive experimentally7. This marks the frontier towards the extended Bose–Hubbard Hamiltonian, which enables insulating ordered phases at fractional lattice fillings8,9,10,11,12. Here we implement this Hamiltonian by confining semiconductor dipolar excitons in an artificial two-dimensional square lattice. Strong dipolar repulsions between nearest-neighbour lattice sites then stabilize an insulating state at half filling. This characteristic feature of the extended Bose–Hubbard model exhibits the signatures theoretically expected for a chequerboard spatial order. Our work thus highlights that dipolar excitons enable controlled implementations of boson-like arrays with strong off-site interactions, in lattices with programmable geometries and more than 100 sites.
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                    Fig. 1: Strongly interacting dipolar excitons in a lattice.[image: ]


Fig. 2: Incompressible phases at unity and half filling.[image: ]


Fig. 3: Melting of insulating phases.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Theoretical hallmarks of CB order.
a, Lowest band structure factor S1(k) at T=100 mK obtained by exact diagonalisation of a 8 site square lattice (Betts cluster) with periodic boundary conditions. It exhibits a dominant peak at quasi-momentum k = (π/a, π/a), which is a characteristic signature of CB order. A second strongly suppressed quasi-peak lies at k = (0, 0) (due to finite size effects), corresponding to a homogenous liquid without any density order. b, ∣S1(π/a, π/a)∣ (black) and ∣S1(0, 0)∣ (blue) are plotted versus temperature T. Up to T ≲ Tc = 420 mK, the structure factor signalling CB order remains at least twice as large as the structure factor for a homogeneous liquid. c, CB order parameter deduced from mean-field calculations as a function of the chemical potential μ and temperature (T = 4, 125, 247, 389, 450 mK in blue, violet, black, red and green respectively). The order parameter is given by the population difference ∣nA − nB∣ between two sub-lattices, A and B, of the square lattice. Below around 410 mK ∣nA − nB∣ is significant manifesting CB order.
Source data


Extended Data Fig. 2 Spatially resolved PL intensity and intensity fluctuations.
a, Spatial variations of the PL intensity \(\overline{{A}_{\max }}\) (black line) and \(\sigma ({A}_{\max })/\overline{{A}_{\max }}\) (violet bars) measured at T = 330 mK and P = 17 nW, that is for the MI phase. Both \(\overline{{A}_{\max }}\) and \(\sigma ({A}_{\max })/\overline{{A}_{\max }}\) vary weakly in the 3 μm central region of the laser excited region, evidencing that the MI phase is homogeneous across more than 100 lattice sites. Outside this region we note that \(\sigma ({A}_{\max })/\overline{{A}_{\max }}\) increases steeply while \(\overline{{A}_{\max }}\) drops, which signals that excitons realise a normal fluid. b, Same measurements obtained for P = 8.2 nW, that is for the CB phase. Results are extracted from the experiments reported in Fig. 2.
Source data


Extended Data Fig. 3 Exciton compressibility versus average lattice filling.
Fluctuations of the maximum of the PL intensity (\(\sigma ({A}_{\max })/\overline{{A}_{\max }}\)) as a function of the power P of the loading laser, in a different region of our two-dimensional square lattice. As for Fig. 2, experimental results are obtained by statistically analysing a series of 10 measurements for every value of P. The laser excitation profile was set close to the one for the experiments shown in Fig. 2. Remarkably we recover that two insulating phases emerge for P = 7 and 14.4 nW, in good agreement with the findings discussed in the main text. Experiments were realised at T = 330 mK; error bars display statistical confidence while the level of Poissonian fluctuations is given by the grey shaded region.
Source data


Extended Data Fig. 4 Residuals at \(\bar{n}=\) 1/2 and 1.
a, PL spectrum measured at \(\bar{n}\)=1/2 (top) together with the modelled profile (black line). The bottom panel displays the residuals between modelled and measured profiles (black line), compared to the amplitude of poissonian fluctuations (grey area). b, Same measurements for \(\bar{n}\)= 1. Experimental results are taken from the data reported in Fig. 2b–d.
Source data
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